The triggering mechanism for interferon synthesis in mouse peritoneal macrophages and chick embryo (CE) cells by Newcastle disease virus (NDV) exposed to hydroxylamine or homologous antiserum was investigated in relation to the intracellular fate of these agents.
INTRODUCTION
The mechanism of interferon induction by viruses is not yet clear. What component (s) of virus or what factor(s) synthesized during virus replication is the actual inducer is not certain. Recent reports have focused on the relationship between interferon induction and virus replication by the use of ultraviolet light-inactivated Newcastle disease virus (NDV; Huppert, Hillova & Gresland, i969; Gandhi & Burke, 197o; Gandhi, Burke & Scholtissek, I97O; Clavell & Bratt, i970 , temperature sensitive mutants of Sindbis virus, Semliki Forest virus or reovirus (Lockart et al. I968; Lomniczi & Burke, I97o; Lai & Joklik, I973) , hydroxylamine-inaetivated Semliki Forest virus (Skehel & Burke, I968) , or by analysis of the activity of NDV particle RNA polymerase after inactivation of the virus by ultraviolet light, heat, low pH or fl-propiolactone (Meager & Burke, I972; Sheaff, Meager & Burke, 1972) .
NDV induces relatively high titres of interferon in macrophages (Smith & Wagner, 1967; Yamada et al. i97o) , although it does not replicate in these cells (Azuma, Yamada & Nishioka, r97ob ) . This system may provide a means to study the relevance of non-replicative events of the virus for interferon induction. Previous experiments (Azuma et al. t 97o b; Azuma, ~973) demonstrated that interferon production in macrophages was enhanced when the NDV was incompletely neutralized with homologous antiserum, whereas no interferon was induced when the virus was completely neutralized by antibody. Skehel & Burke (i968) demonstrated that inactivation of Semliki Forest virus by hydroxylamine led to loss of ability to induce interferon in chick embryo (CE) cells in parallel with a decrease in infectivity. The effect was probably on the virus nucleic acid since hydroxylamine reacts with the cytosine residues of nucleic acid converting them to 4,5-dihydro-4-hydroxylamine cytosine, and thus the base sequences of nucleic acid undergo transition from cytosine to thymine (Brown & Phillips, t965) . Other authors have suggested that hydroxylamine inactivation of viruses was caused by reaction of the reagent with virion nucleic acid and not with viral protein (Schftfer & Rott, I962; Grossgebauer, I966) .
The purpose of the present work was to search for the triggering mechanism of interferon induction in mouse macrophages and CE cells by analyzing the effect of hydroxylamine and anti-NDV serum on the interferon-inducing ability of the virus. Attempts were made to correlate the intracellular fate of hydroxylamine-and antiserum-treated NDV with interferon production in these cells.
METHODS

Materials.
[5-aH]-uridine U5 Ci/mmol) and [5-3H]-uridine triphosphate ([3H]-UTP, Ci/mmol) were purchased from Daiich Pure Chemicals Co., Tokyo. Hydroxylamine hydrochloride, protamine sulphate, sodium deoxycholate and sodium lauryl sulphate (SDS) of guaranteed grade, as well as dithiothreitol, trichloroacetic acid (TCA) and phenol of specially prepared grade were obtained from Nakarai Chemical Ltd, Kyoto. Adenosine triphosphate (ATP), cytidine triphosphate (CTP), guanosine triphosphate (GTP), ribonuclease (RNase; 5 x crystallized, type I-A) and chloroquine diphosphate were supplied by Sigma Chemical Co., Ltd, Missouri. RNase-free deoxyribonuclease (DNase) was purchased from Worthington Biochemical Co., New Jersey. Actinomycin D was obtained from Schwarz-Mann Research Labs., New York. Polyriboinosinic acid-polyribocytidylic acid co-polymer, poly (rI). poly (rC), and polyribocytidylic acid, poly (rC), were kindly supplied by Dr H. Machida, Yamasa Shoyu Institute, Choshi, Japan. Eagle's minimum essential medium (MEM) was purchased from Nissui Seiyaku Co., Ltd, Tokyo. All other chemicals were of the best grade commercially available.
Viruses. A stock of the Miyadera strain of NDV was prepared as described in the preceding report (Azuma, I973) .
[3H]-uridine-labelled NDV ([3H]-NDV) was prepared as follows: CE cells were inoculated with IO p.f.u, of stock NDV per cell, and incubated at room temperature for I h. After decanting the inoculum, the cultures were washed twice with Earle's buffered saline solution (E-BSS) at pH 7"4, re-fed with MEM containing to ~tCi/ml of [3H]-uridine, and incubated for 24 h at 37 °C. The cells and fluids were subjected to one cycle of freezing and thawing, and centrifuged at 55oo g for 20 min. After treatment of the supernatant fluids with 25 #g/ml of RNase for ~5 min at 37 °C to digest ribosomal RNA, they were centrifuged at Io5 ooo g for I h. The pellets were resuspended in E-BSS at one twentieth of the original vol., centrifuged at 55oo g for IO min and subjected to three more cycles of differential centrifugation. The final supernatant fluids were dialyzed against 25 % (w/v) Carbowax 6ooo in E-BSS. Activities per ml of the [3H]-NDV preparation were as follows: 2 × IO 7 p.f.u., I6O H.A.U., and 5"8 x io 4 ct/min.
Cell cultures. Mouse peritoneal macrophages were collected as described previously (Azuma, I973) , and CE cells were prepared by trypsinization of II-day-old chicken embryos. The cells were cultivated in MEM supplemented with Io% calf serum.
Inactivation of NDV by hydroxylamine. NDV was partially inactivated as follows:
Stock allantoic fluid NDV was centrifuged at Io5ooo g for 1 h and the pelleted virus was resuspended in o.oI M-phosphate buffered saline solution (PBS), pH 7"2. The resuspended NDV or [aH]-NDV was mixed with an equal vol. of 2 M-hydroxylamine of pH 6-2 (Grossgebauer, I966). The mixtures were incubated at 22 °C for various periods, and then centrifuged at ro5ooo g for I h. The supernatant fluids were completely decanted and the virus pellets resuspended in PBS and used as inducer. Interferon production and titration. For preparation of virus-induced interferon, macrophages and CE cells were inoculated with Ioo p.f.u, of NDV/cell. At specified time intervals, portions of the culture fluid were harvested and subjected to two cycles of centrifuging at Io5ooo g for I h. The final supernatant fluid was used as interferon sample. In preparing the interferon samples, treatment of interferon materials at pH 2 was avoided, since a part of the interferon produced in macrophage cultures is relatively labile to pH 2 treatment (Smith & Wagner, I967; Azuma, Yamada & Nishioka, 197o a) . Production of interferon by NDV virion RNA, CE cell RNA or synthetic RNAs was performed as follows: Macrophages were treated with protamine sulphate (2o #g/ml in PBS) at 37 °C for 3o rain and then incubated with RNA (Ioo #g/ml in MEM) at 37 °C for I h. The cells were washed free of RNA with E-BSS, and fresh MEM was added. The interferon activity in the culture fluid was measured after 4 h. Interferon assay was carried out by the method of c.p.e, reduction in primary cultures of mouse embryo cells or CE cells infected with vesicular stomatitis virus as follows: interferon samples were diluted serially twofold with maintenance medium and 1 ml of each dilution was added to two tubes of cells. After incubation at 37 °C for 24 h, these cultures were replaced with Io 1"5 TCDs0/ml of vesicular stomatitis virus. The interferon titres were expressed as the reciprocal of the maximum dilution showing 5o% reduction of c.p.e. The mouse reference research standard (Reagent number S-oo2-9o4-511), designated to have a titre of I2ooo, had a titre of 96oo by the c.p.e, reduction method used. The chick reference standard had a titre by the c.p.e, reduction method equal to 85% of that obtained by the plaque reduction method.
Neutralization of ND
NDV RNA-dependent RNA polymerase assay. The polymerase assay was carried out according to the method of Huang, Baltimore & Bratt 097~). The complete reaction mixture consisted of the following components, in a total volume of 2o0 #1: IO #mol of tris, pH 7"3; o'8 #mol of magnesium acetate; o.6/~mol of dithiothreitol; 2o #mol of NaC1; o"I4/*mol each of ATP, CTP and GYP; o.oi/~mol of/aHJ-UTP (50 ct/min/pmol); 16o ,ug of Nonidet P-4o; and 2o to Ioo #g of viral protein (7 x io 1° p.f.u./mg protein) in o.o~ M-trisHCl buffer, containing o.o 3 M-NaCl, pH 7"3-The reaction mixture was incubated at 32 °C for 3 h, and terminated by chilling in an ice-bath, adding 4 ° #1 of 0"5% (w/v) bovine serum albumin and 2 ml of cold 5% (w/v) TCA. The mixture was incubated at 4 °C for 30 min, then acid-precipitable material was washed with cold 5% (w/v) TCA on glass fibre filterpaper (Whatman, GF/C), and acid-insoluble radioactivity retained on the filter paper was measured in an Aloka liquid scintillation counter.
Experimental procedures. For analysis of the extent of association of NDV with macrophages and CE cells, cultures of 8 x lO 6 cells/ml were inoculated with infective, hydroxylamine-inactivated, or neutralized [3H]-NDV at a multiplicity of 0"5 p.f.u./cell, and incubated at 4 °C for a h. The cells were washed free of unadsorbed virus with E-BSS and then washed thrice with cold 5 % (w/v) TCA at 4 °C. The final pellets were hydrolyzed with 2 nfl of I N-NaOH at 70 °C for I h. The acid-insoluble radioactivity of each sample indicating the extent of adsorption of virus to cells was measured in an Aloka liquid scintillation counter and the extinction at 28o nm was measured in a Hitachi spectrophotometer.
To demonstrate the extent to which virion RNA became susceptible to RNase, macrophages and CE cells (4 × Io6cells/ml) were inoculated with infective, hydroxylamineinactivated, or neutralized [3H]-NDV at I p.f.u./cell. After I-5 h of adsorption at 4 °C the cells were washed twice with cold E-BSS, resuspended in MEM, and incubated at 37 °C for various periods. The harvested cells were washed free of MEM with cold E-BSS, and homogenized in a Teflon homogenizer at 4 °C for 2 rain. Samples of homogenates were treated with RNase at a final concentration of the enzyme of ~oo #g/ml at 37 °C for ~5 min, and then washed with cold 5% (w/v) TCA on glass fibre filter papzr (Whatman, GF/C). RNase-insensitive and acid-insoluble radioactivity retained on the filter paper was measured. A quarter vol. of 5 N-NaOH was added to other samples of the cell homogenates. The homogenates were hydrolyzed by incubation at 70 °C for I h, and extinction at 280 nm was measured.
Extraction of viral RNA from ND V-infected cells. Macrophages and CE cell cultures were inoculated with infective, hydroxylamine-treated, or neutralized NDV at about Ioo p.f.u./ cell, and after I h of adsorption at 4 °C the cultures were supplemented with fresh MEM and incubated at 37 °C for 3 h. The culture media were changed to MEM containing 2 #g/ml of actinomycin D which inhibited cellular RNA synthesis by 98"8%, and the cultures were incubated at 37 °C for 3o rain. The cells were then re-fed with MEM containing to #Ci/ml of [3H]-uridine and incubated at 37 °C for 3o min. All subsequent RNA extractions were carried out at o to 4 °C. The cells were harvested, washed five times with TBS-A (o'o5 M-tris-HC1 buffer, o.I M-NaC1, pH 7"4), resuspended in 2 ml of TBS-A, and then treated with sodium deoxycholate and sodium lauryl sulphate, each at a final concentration of o.5% (w/v). The suspensions were mixed with two vol. of absolute ethanol and kept at -2o °C overnight. After centrifuging at 2ooog for I5 min, the supernatant fluids were decanted completely, and the pellets resuspended in 2 ml of TBS-M (o'o5 M-tris-HC1 buffer, o.I M-NaC1, o.ooi M-MgCI~, pH 7"4). The suspensions were treated with RNase-free DNase at a final enzyme concentration of Ioo #g/ml at 4 °C for I5 rain, and then an equal vol. of TBS-E (0"05 M-tris-HC1 buffer, o-I M-NaC1, o-oor M-EDTA, pH 7-4)-saturated phenol was added. The mixtures were shaken for 5 min on a vertical turntable (Harris et al. I963).
After 15 min of centrifuging at 2ooo g, the upper aqueous phase was transferred to a new tube and the extraction repeated twice more with TBS-E-saturated phenol. The final aqueous phase was mixed with two vol. of chilled absolute ethanol and stored at -20 °C for overnight. The RNA was collected by centrifuging, washed with chilled 70% (v/v) ethanol, and dissolved in TBS-M. For detection of RNase-resistant RNA, samples were treated with RNase at a concentration of 25 #g/ml at 37 °C for 15 min. Bovine serum albumin was added to the samples as a carrier (final concentration of 200 #g/ml), and then an equal vol. of cold lo% (w/v) TCA was added. The pellets were washed with cold 5% (w/v) TCA on glass fibre filter paper (Whatman, GF/C) and acid-insoluble radioactivity was measured.
RNA extraction from ND V virions and CE cells, and treatment of RNAs by hydroxylamine.
Stock NDV (Io TM p.f.u.) was centrifuged at Io5ooog for I h, and CE cells (IOs cells) were washed thrice with E-BSS. These pellets were resuspended in 2 ml of TBS-A, and RNA was extracted by the methods described above. For hydroxylamine-treatment, the RNA solution (200 #g/ml in TBS-E, pH 6"5) was mixed with an equal vol. of a M-hydroxylamine at pH 6"5 and incubated at a2 °C for 30 min. The mixture was dialyzed against TBS-E for 24 h at 4 °C with two changes of the buffer.
RESULTS
Effect of hydroxylamine on infectivity and interferon-inducing capacity of ND V
The time course of inactivation of NDV by I M-hydroxylamine and the interferoninducing capacity of the hydroxylamine-inactivated NDV in macrophage cultures were examined. As can be seen in Fig. I , inactivation of NDV at 22 °C by hydroxylamine proceeded with first-order kinetics. After 24 h of incubation the infectivity was reduced to about io -~ of the initial virus titre, but the haemagglutinating activity was undiminished (not shown). The hydroxylamine-inactivated NDV exhibited an unimpaired interferon-inducing capacity in macrophages. Moreover, treated NDV, unlike native virus, had acquired the capacity to produce interferon in CE cells (Table I) . Prolonged hydroxylamine treatment (48 h at 2z °C) led to loss of interferon-inducing capacity. In the following experiments, NDV inactivated by 24 h of incubation with ~ M-hydroxylamine was used. 
Effect of hydroxylamine on ND V particle RNA-dependent RNA polymerase
A previous report by Sheaff et al. 0972) suggested that interferon induction was caused by RNA synthesized through limited transcription of the viral genome by the RNA polymerase of the NDV virion. This suggestion was confirmed and Table 2 shows the virion RNA-dependent RNA polymerase activity of NDV treated with hydroxylamine. Polymerase activity of NDV treated for 24 h at 22 °C was reduced to about one third of the activity of infective NDV, and prolonged hydroxylamine treatment of NDV led to complete loss of its polymerase activity. Because of reaction between hydroxylamine and cytosine residues of viral nucleic acid, it seems likely that hydroxylamine acted by modifying the base sequence (Brown & Phillips, I965) leading to inhibition of transcription by the NDV RNA polymerase.
Association of infective and hydroxylamine-inactivated ND V with macrophages and CE cells
Hydroxylamine-inactivated and native NDV were compared in terms of their ability to adsorb to macrophages and CE cells. No differences were found.
In order to obtain some information on the intracellular fate of infective and hydroxylamine-inactivated NDV, the extent to which virion RNA became accessible to RNase in macrophages and CE ceils was next examined. As shown in Table 3 , there was no difference :~ Not done.
at 37 °C for 5 h in the rate at which hydroxylamine-treated and infective NDV became RNase-sensitive in either type of cell. However, the question remained whether the acquisition of RNase-susceptibility resulted from the normal uncoating of the virus or perhaps from digestion by lysosomal enzymes. Chloroquine diphosphate is known to stabilize lysosomal membrane activity (Weissman, I964; Mallucci, ~966). In preliminary experiments with [14C]-leucine-labelled Escherichia coli it was established that pre-treatment of macrophages with chloroquine diphosphate at a dose of 50/~g/ml for 5 h at 37 °C did not impair ingestion of the organisms but their digestion was prevented. The same dose did not inhibit interferon production in macrophages by infective or hydroxylamine-treated NDV. Therefore, macrophages and CE cells were pre-treated with 50 #g/ml of chloroquine diphosphate at 37 °C for 5 h in the dark, and the intracellular fate of NDV was analysed as described in Methods. As shown in Table 3 , there was no difference between infective and hydroxylamine-treated NDV in the degree to which virion RNA became RNase-sensitive in chloroquine diphosphate-exposed macrophages or CE cells. These data indicate that hydroxylamine-inactivated NDV was normally uncoated in macrophages and CE cells. Poly (rC) 8 HA-poly (rC)t < 2 Poly (rl).poly (rC) 3 z HA-poly (rI). poly (rC);~ < 2 * The concentration of all RNA preparations was l oo #g/ml except for poly (rI). poly (rC) (IO/zg/ml). "~ Macrophage cultures were pre-treated with 2o #g/ml of protamine sulphate at 37 °C for 3o rain. RNAs were treated with I M-hydroxylamine at 22 °C for 3o min. 
Synthesis of RNase-resistant viral RNA in macrophages and CE cells
Experiments were then performed to determine whether RNase-resistant viral RNA was synthesized in macrophages and CE cells inoculated with infective and hydroxylamineinactivated NDV. These results are summarized in Table 4 . In contrast to infective virus hydroxylamine-treatment was found to prevent the synthesis of RNase-resistant RNA in CE cells, whereas in macrophages no RNase-resistant RNA was demonstrated regardless of the type of inoculum used.
Effects of hydroxylamine on the interferon-inducing capacity of ND V virion RNA
The above results suggested, in agreement with a number of other reports (Isaacs, Cox & Rotem, I963; Burke et aI. I968; Gandhi & Burke, 197o; Gandhi et al. I97o; Dianzani et aI. 197o; Long & Burke, I97I) , that input virion RNA could be an inducer of interferon. Therefore, we investigated the possibility that hydroxylamine-treated RNA extracted from NDV may be able to induce interferon. In preliminary experiments, pre-treatment of macrophages with 2o #g/ml of protamine sulphate at 37 °C for 3o rain showed a slight enhancement of interferon production by poly (rI).poly(rC). Therefore, the interferoninducing capacity of NDV virion RNA, CE cell RNA, poly (rC) and poly (rI). poly (rC) before and after pre-treatment with I M-hydroxytamine was examined in macrophages which had been exposed to 2o/zg/ml of protamine sulphate. As shown in Table 5 , in all instances hydroxylamine-treatment of RNA abolished the interferon-inducing capacity of the preparation. These data suggested that another component of NDV than virion RNA was the inducer for interferon synthesis. t Pre-treated with chloroquine diphosphate (50 #g/ml) for 5 h at 37 °C in the dark.
Interferon production in macrophages and CE cells by infective and neutralized ND V
If a component of NDV other than its RNA is responsible for induction of interferon, such a component may be neutralized by antiserum and thus provide a convenient system to study its nature. The interferon-inducing abilities of infective NDV and of NDV neutralized by anti-NDV serum were compared in macrophages and CE cell cultures. Table 6 shows that interferon production was not observed or was markedly reduced in both cell systems inoculated with the NDV-antiserum mixtures.
Association of neutralized ND V with macrophages and CE cells
In order to establish whether the presence of antibody actually prevented adsorption of the neutralized NDV so that it could no longer function as an effective inducer, the following experiment was carried out.
[~H]-NDV, pre-incubated with anti-NDV serum, and nontreated [3H]-NDV were inoculated into macrophages and CE cells. Two hours later the experiment was terminated and the radioactive label associated with the cells determined as described under Methods. The results presented in Table 7 show that in macrophage cultures, adsorption of neutralized NDV was superior to that of infective virus, whereas in CE cells no adsorption of the serum-treated NDV was found.
The finding that neutralized NDV was able to adsorb to macrophages yet failed to induce interferon suggested that the presence of antibody may have interfered with the normal uncoating process of the virus. This question was investigated in the next experiment where the fate of neutralized [3H]-NDV was compared with that of infective 3H]-NDV in chloroquine diphosphate-treated and normal macrophages. The results shown in Table 8 indicate that the virion RNA of neutralized NDV did in fact become more sensitive to RNase than that of infective NDV. However, this process was totally inhibited in macrophages pre-treated with chloroquine diphosphate. These data indicate that antibody-coated virions were apparently processed in the cell by a mechanism which differed from that functioning in the case of either infective or hydroxylamine-inactivated NDV.
DISCUSSION
The results reported here show that treatment of NDV with hydroxylamine caused a decrease in the infectivity of the virus without concomitant losses in haemagglutinating activity and interferon-inducing capacity in macrophages and CE cells. Furthermore, hydroxylamine-inactivated NDV adsorbed to both types of cells, and virion RNA became sensitive to RNase in these cultures. Skehel & Burke 0968) observed that inactivation of Semliki Forest virus by hydroxylamine destroyed the ability of the virus to induce interferon in CE cells in parallel with the decrease in its infectivity, haemagglutinin and virus-induced RNA polymerase activity. The rate of inactivation by hydroxylamine also differed from that seen in the present study. These discrepancies may be explained by structural dissimilarities and/or differences in replicative events between these two viruses. The present data do not preclude the possibility that infective NDV which survived inactivation by hydroxylamine may actually have induced interferon. In fact, hydroxylamine-treated virus did contain some residual infectious NDV. However, according to an earlier report (Azuma, 1973) macrophages inoculated with infective NDV at a multiplicity of less than 5 p.f.u./cell, fail to produce interferon. These findings suggest that some component or factor of the hydroxylamine-inactivated NDV was actually responsible for interferon induction.
Furthermore, it was confirmed in this paper that in macrophages and CE ceils inoculated with hydroxylamine-inactivated NDV, no synthesis of RNase-resistant viral RNA occurred. Also the interferon-inducing ability of RNA extracted from NDV virions was lost on treatment with I M-hydroxylamine. These results support a model which requires no synthesis of double-stranded RNA for interferon production in macrophages and CE cells, where in fact not even virion RNA, but another component of the virus functions as the inducer. B61~di & Pusztai (I967) and Lengyel et at. (I969) suggested that the penton antigen of adenovirus was responsible for interferon induction. In order to better define the component of NDV which actually induces interferon, virus neutralized by homologous immune serum was studied with respect to interferon production and association with macrophages and CE cells. Completely neutralized NDV lost its interferon-inducing ability as reported earlier (B61~idi & Pusztai, ~967), and in contrast to hydroxylamine-inactivated NDV, the neutralized NDV was not processed through a regular uncoating mechanism in macrophages, though it adsorbed extensively to these cells (Tables 7 and 8 ). The loss of interferoninducing ability of completely neutralized NDV may be due to destruction of viral components by lysosomal enzymes of the cells. These findings do not provide a direct clue to the NDV component responsible for interferon induction, but one may assume that interferon is induced by a factor(s) present up to the uncoating step of NDV. Sheaff et al. (~97a) suggested that interferon induction in CE cells by NDV was caused by RNA synthesized through limited transcription of the viral genome by RNA polymerase of the NDV virion but not by complete transcription, in which case an interferon inhibitor was produced, and the present results (Table 2 ) confirm their suggestion. Further investigation should determine whether the factor invoIved in the viral uncoating process is the RNA synthesized
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through limited transcription of the viral genome, or whether the RNA itself is the actual inducer for interferon biosynthesis. We do not know the mechanism of NDV uncoating and also whether trace amounts of viral double-stranded RNA are synthesized at an early step during NDV replication. Further studies are needed to settle these problems.
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